A perylene and a terrylene tetracarboxylic bisimide dyad was prepared in which an efficient energy transfer from the former to the latter is observed. The absorption spectrum of this compound covers a broad range. Bathochromic fluorescence with a high quantum yield was obtained independent of excitation wavelengths (l o 655 nm). The dyad can be recommended for the use of calibrating fluorescence spectrometers, as well as a fluorescence standard in the bathochromic region.
Introduction
The determination of fluorescence quantum yields is conveniently related to the known quantum yield of a fluorescence standard. 1 Several fluorescent compounds 2 have been proposed for the calibration of fluorescence spectrometers in the hypsochromic visible region with quinine sulfate being highly prominent. 3 Perylene derivatives are stable, exhibit high quantum yields, are easy to work with, and have thus improved the range of fluorescence standards in the hypsochromic region. 4 However, there are inherent difficulties when measuring spectra in the bathochromic visible and the near infrared region, due to the lack of suitable reference standards. In this paper, we present a stable, easy-to-handle compound with a well-defined absorption and fluorescence spectrum in the bathochromic region. -def]-isoquinoline-1,3,8,10(9H)-tetraone (230 mg, 400 mmol), zinc acetate (14.8 mg, 80 mmol) and quinoline (4 mL) were stirred at 210 1C for 4 h under argon (dark red mixture), allowed to cool, added dropwise with intense stirring to 2 M aqueous HCl (300 mL), stirred for 2 h, allowed to stand for 16 h, collected by vacuum filtration, washed with 2 M aqueous HCl (300 mL), hot distilled water (300 mL) and a mixture of methanol/water 1 : 1, dried at 110 1C for 2 d in vacuo, dissolved in the minimal amount of CHCl 3 /methanol 80 : 1, and purified by column separation (short column of basic alumina CHCl 3 /methanol 80 : 1 and a further column separation with silica gel, CHCl 3 / methanol 40 : 1, dark red, non-fluorescent band). Yield 250 mg (87%), mp 4300 1C. were transcribed by means of a Fluorolog s -3 spectrometer (Jobin Yvon) equipped with Glan-Thompson polarisers. The bandwidth of the excitation and emission light was 2 and 2 nm, respectively. All fluorescence spectra were corrected.
Materials and methods

2-(4-
The time-resolved fluorescence decays were measured by means of the time-correlated single photon-counting technique 5 by using a Fluorolog s TCSPC (Horiba) spectrometer. The fluorescence decays were collected over 1024 channels, with a resolution of 50 ps per ch., with at least 20 000 photons in the peak maximum for the lifetime experiments, which were performed with the emission polariser set to a magic angle (54.71) with respect to the excitation polariser. For the pulsed excitation, a PicoBrite laser (482 nm) in combination with an interference filter centred at 480 nm, and a NanoLED (635 nm) light source were used. The former excitation setup was combined with longpass filters l 4 610 nm and l 4 673 nm. The fluorescence lifetime was calculated by means of a deconvolution method, 6 which is based on the LevenbergMarquardt algorithm. 7 The fluorescence quantum yields were calculated by means of comparison with a reference substance. Three different references were employed: C25 [2,10-bis(1-hexylheptyl)-6-[2- [3, 8, 9 ,10-tetrahydro-9- (1-octylnonyl)-1,3,8 dissolved in chloroform for excitation below 500 nm, rhodamine 101 dissolved in ethanol for excitation at 560 nm, and cresyl violet dissolved in ethanol for excitation at 600 nm. The fluorescence quantum yields for these reference substances were assumed to be 1.0, 1.0 and 0.88 respectively. 
Results and discussion
Terrylenetetracarboxylic bisimides 8 are interesting basic chromophores for the development of fluorescence standards due to their high quantum yields, chemical, as well as photochemical stability. The obtained fluorescence quantum yields proved to be invariant to the presence of oxygen, which facilitates a simple handling. However, the inherently low solubility of these compounds is problematic for applications, which can however be solved by the attachment of long-chain sec-alkyl groups (swallow-tail substituents) 9 to the nitrogen atoms of the terrylene derivative and to the target compound 3 (Scheme 1).
Compound 3 was prepared according to Sakamoto's method 10 from the N-1-nonyldecylnaphthalene-1,8-dicarboxylic imide and N-1-nonyldecylperylene-3,4-dicarboxylic imide 11 with the application of potassium-tert-butoxide and DBN, where the degassed solvent toluene gave an appreciable improvement compared to the literature. 12 Atmospheric oxygen must be carefully excluded even in trace amounts where it would otherwise interfere with the reaction as is indicated by a colour change of the reaction mixture to brownish and a strong lowering of the yield.
The UV/Vis spectra of substance 3 are bathochromically shifted as compared to the perylene bisimide as a consequence of the peri-anellation (cf. Fig. 1 ). The peak maximum molar absorptivity of substance 3 is increased by 55%, as compared to the perylene bisimide. The fluorescence spectrum is close to a mirror-image of the absorption spectrum and extends into the bathochromic limit of routine fluorescence spectrometers, so that the spectral sensitivity of such spectrometers can be calibrated by means of this compound. The fluorescence quantum yield in lipophilic solvents, such as chloroform, was found to be 94% and remains virtually unaffected by atmospheric oxygen. The fluorescence lifetime of this compound dissolved in degassed chloroform was found to be 3.1 ns, as compared to 3.0 ns before the removal of oxygen. The chemical stability and the fastness to light of compound 3 are high enough for negligible degradation by extensive exposure to sunlight. Dye 3 exhibits many certifying properties for its application as a bathochromic fluorescence standard. However, the molar absorptivity of compound 3 is very low in the hypsochromic region, whereby the fluorescence excitation becomes problematic. As a consequence, the filling of this spectral gap would be beneficial. We aimed at creating a compound with a wide range of absorption by combining chromophores into dyads, according to ref. 4a and 13.
The synthesis started with compound 3 and applying the well established strongly hydrolysing mixture of KOH in tert-butyl alcohol 14 resulted in a stepwise degradation of the carboxylic imide groups. The primary product of the hydrolysis proved to be insoluble and thus became excluded from further reaction. This is advantageous since it is not necessary to consider a further progression of hydrolysis of the second carboxylic imide group. This also allows for high yields of the conversion. The carboxylic anhydride group in compound 4 was condensed with the NH 2 group in compound 5, when dissolved in quinoline at high temperature. This solvent proved to be a much better medium for this reaction, as compared to the alternatively applied imidazole, 15 which is useful in similar perylene chemistry. This may be a consequence of condensed aromatics being better solvents for terrylene compounds.
The UV/Vis absorption spectrum of compound 6 exhibits an appreciable number of absorption maxima, due to the essential superposition of the absorbance of two linked chromophores: perylenetetracarboxylic bisimide and terrylenetetracarboxylic bisimide (cf. Fig. 1 and 2) . A high fluorescence quantum yield of 0.86AE0.03 is observed, when the terrylene chromophore dyad is excited at 480, 560 and 600 nm. Interference by aggregation can be excluded because a dilution of the solution from 2.28 Â 10 À7 to 1.14 Â 10 À7 mol L À1 did not influence fluorescence quantum yields outside experimental error (+0.8% for irradiation at 600 nm and +2% at 490 nm). The two latter excitation wavelengths 560 and 600 nm refer to the absorption and fluorescence of compound 3. On the other hand, the fluorescence of the perylene unit in chromophore 6 is completely quenched through intra molecular electronic energy transfer to the terrylene unit from which all fluorescence is observed. The fluorescence lifetime of the dyad is 2.8 ns when excited throughout the absorption bands. As a consequence, there are many bands below 655 nm that are useful for excitation and therefore compound 6 becomes applicable for the calibration of fluorescence spectrometers, as well as a fluorescence reference standard.
Conclusions
The readily soluble dyad composed of perylene and terrylene tetracarboxylic bisimide (i.e. dyad number 6) exhibits an absorption spectrum covering the visible region below 605 nm, which is essentially a superposition of the absorbance of each aromatic bisimide. This compound exhibits an efficient and fast intramolecular electronic energy transfer from the perylene to the terrylene unit. A high fluorescence quantum yield is observed for all absorption bands. This dyad is recommended as a fluorescence standard in lipophilic media for the calibration of fluorescence spectrometers in the bathochromic region.
